A B S T R A C T Plasma endogenous triglyceride transport kinetics were determined in 16 hyperthyroid and in 12 hypothyroid patients and the results compared with those of euthyroid control subjects. In addition, the removal of exogenous particulate fat (Intralipid; Vitrum, Sweden) from the circulation and the postheparin plasma lipolytic activity (PHLA) were studied in these patients for further characterization of the alterations of plasma triglyceride metabolism in thyroid disease.
in 12 hypothyroid patients and the results compared with those of euthyroid control subjects. In addition, the removal of exogenous particulate fat (Intralipid; Vitrum, Sweden) from the circulation and the postheparin plasma lipolytic activity (PHLA) were studied in these patients for further characterization of the alterations of plasma triglyceride metabolism in thyroid disease.
In thyrotoxicosis the average plasma triglyceride level was slightly but significantly increased above that of control subjects. This change was associated with augmented production of triglycerides whereas the mean fractional removal rate was not different from normal. There was a significant linear correlation between the concentration and turnover rate of plasma triglycerides in both hyperthyroid and euthyroid subjects but the concentration/turnover rate ratio was less in the former group suggesting that the efficiency of removal of triglycerides from the circulation was improved in thyroid hyperfunction. The elimination of intravenously administered particulate fat occurred more rapidly in untreated hyperthyroid patients than in euthyroid control subjects. The mean PHLA was also above normal in thyrotoxicosis. Upon adequate treatment of the hyperthyroid state the fasting plasma triglyceride concentration was further increased.
Hypothyroid patients showed another pattern of alteration of triglyceride kinetics. The synthesis of plasma triglycerides was normal but the fractional removal of both endogenous and exogenous triglycerides was markedly reduced and this change seems to account for the hypertriglyceridemia associated with thyroid hypofunction. The plasma PHLA was also clearly decreased in the hypothyroid state.
Plasma FFA and glycerol levels were increased in hyperthyroidism and plasma FFA was slightly de- Received for publication 17 January 1972 and in revised form 3 April 1972. creased in hypothyroid patients, but these variables were not significantly correlated with any parameter of triglyceride metabolism.
Endogenous triglyceride turnover rate was significantly correlated with serum protein-bound iodine (PBI) and T3 uptake in thyrotoxicosis but not in hypothyroidism. Removal of exogenous fat was not related to postheparin plasma lipolytic activity but the fractional endogenous triglyceride transport showed a highly significant relationship to this lipase activity in a mixed group of hyper-and hypothyroid patients.
The results suggest that thyroid hormones control both production and removal of plasma triglycerides.
INTRODUCTION
It is not known whether thyroid hormones play any role in the regulation of plasma triglyceride (TG)' concentration and transport, and relatively few studies have been carried out on the alterations of triglyceride and very low density lipoprotein (VLDL) metabolism in clinical thyroid disease. This is in sharp contrast to the situation in cholesterol metabolism, which is well explored in both hyper-and hypothyroidism and is generally believed to undergo typical and consistent changes in both conditions. The plasma triglyceride concentration may be completely normal in hypothyroidism (1, 2) , but usually it is moderately elevated (2) (3) (4) (5) and occasional cases of gross hyperlipemia have been reported in myxedema (1, 2, 6) . The increase has been attributed to a low lipoprotein lipase (LPL) activity, since it has been shown that the postheparin plasma lipolytic activity (PHLA) is inversely corre-'Abbreviations used in this paper: LDL and VLDL, low density and very low density lipoprotein, respectively; LPL, lipoprotein lipase; PBI, protein-bound iodine; PHLA, lipolytic activity of postheparin plasma; RBW, relative body weight; T3, triiodothyronine uptake by resin; TG, triglyceride. lated with the plasma triglyceride level in patients with myxedema (5, 7) . In spite of this LPL deficiency, the hypertriglyceridemia associated with hypothyroidism is not of the fat-induced type (3) . In thyroid hyperfunction, both decreased (4) and normal (5, 8) plasma triglyceride mean levels have been observed. In the only kinetic study published so far, Sandhofer, Sailer, and Braunsteiner (9) found decreased conversion of plasma FFA into endogenous plasma triglyceride in patients with hyperthyroidism and this change was believed to account for the decreased plasma triglyceride levels. A slightly decreased PHLA has also been reported in thyrotoxicosis (5) .
The present study was undertaken in order to provide more systematic data on the alterations of plasma triglyceride concentration and transport in clinical disorders of thyroid function. It was revealed that both hyper-and hypothyroidism are characterized by rather specific patterns of disturbed triglyceride transport kinetics. These data also serve as an example of how kinetic analysis may be applied in resolving the basic mechanisms of hypertriglyceridemia.
METHODS
Patient series. The study was originally carried out in 16 patients with clinically unequivocal hyperthyroidism and in 12 subjects suffering from definite thyroid hypofunction. Eight patients of the former group were restudied after treatment when they had achieved an euthyroid state. The somatic data and results of thyroid function tests are presented in Tables I and II. The diagnosis was based on Control series. Since it was difficult to carry out the complete study in adequately matched series of euthyroid subjects without other interfering diseases, several groups of subjects were used for comparison. All of them were euthyroid by the common clinical and laboratory criteria.
The basic control series consisted of healthy normal volunteers, 18 men and 16 women, whose plasma triglyceride transport kinetics have been reported previously (10) . This group served as a fairly well-matched control series for the hyperthyroid patients, but most of the hypothyroid subjects were more or less overweight postmenopausal females, which necessitated collection of another control group. For this comparison eight postmenopausal women were selected from our (unpublished) series of obese patients, in whom the After completed treatment (surgery or radioiodine possibly followed by a short-term course of thyrostatic drugs) the thyrotoxic patients were placed on a routine follow-up schedule at the Endocrine Outpatient Unit of the hospital. When they had achieved completely normal thyroid function as evaluated by clinical and laboratory criteria all were asked to cooperate for a repeated triglyceride turnover study. Eight patients accepted the invitation and they were restudied 5-9 months after the first turnover measurement. At this time most of the subjects had been euthyroid for a minimum of 2-3 months and six were without any medication, but two were still receiving 15 mg of methimazole per day. Four had been treated by surgery and the other four with radioiodine.
Measurement of plasma triglyceride turnover. The turnover rate was determined by the endogenous glycerol-H labeling technique originally described by Farquhar, Gross, Wagner, and Reaven (11) . In this method the plasma triglyceride is pulse-labeled in vivo with glycerol-2-'H and thefractional rate of disappearance of triglyceride radioactivity is followed for 10 hr. The total amount of triglyceride transported through the plasma pool per unit time (production rate) is then obtained as a product of fractional removal and pool size. The validity and reliability of the method have been thoroughly discussed (10, 11) but they have also been questioned (12, 13) . The method implies that the fractional rate of efflux of triglyceride molecules from the circulation is approximated by the descending slope of the triglyceride radioactivity curve. This is true only if the injected labeled glycerol is incorporated into plasma triglycerides within a relatively short period of time and there is no quantitatively significant cycling of the label through pools (triglyceride or any other precursor pool) with a slower turnover. Conclusive evidence for the validity of this assumption is difficult to obtain, but substantial support for it has been given by a few reinfusion experiments (11) and, indirectly, by the close similarity of results with those derived from an independent nontracer method of measuring plasma triglyceride turnover (14) . As pointed out previously (15) the location of the label in the 2-position H-atom of glycerol makes the recycling minimal since this hydrogen is transferred to NAD on metabolization of glycerol through pathways other than direct esterification with fatty acids. Thus, the specific activity of all those compounds where the 'H from NAD'H is distributed will presumably be much less than that of esterified liver and plasma lipids and this minimizes the secondary reincorporation into plasma triglycerides. In this respect the glycerol-2-5H essentially differs from the 4C-labeled triglyceride precursors. The mean exponential descending slope was taken as the fractional turnover rate constant (k, fraction per hour) of total endogenous plasma triglyceride. The total triglyceride turnover (production) rate (V) was then calculated from the formula V (mg/hr/kg) = k X S X 0.45 X b, where S is the mean concentration of plasma triglyceride (mg/100 ml) in the four samples taken during the experiment. The factor 0.45 is based on the assumption that plasma volume represents the distribution space of triglyceride and forms 4.5% 100 + c ) where a represents the plasma volume per kg adipose tissue and is 9.7 ml for men and 10.8 ml for women (16) and c is the excess (17) of relative body weight (RBW per cent -100). The influence of thyroid disease on the plasma volume is known to be relatively small (18) and therefore no correction for this was made. In some cases the plasma volume was determined with radioiodinated albumin, and good agreement with the calculated estimates was obtained.
Fractional removal of exogenous fat (Intralipid test). To assess the rate of elimination of exogenous fat administered intravenously as "chylomicron-like" particles, the Intralipid test of Boberg, Carlson, and Hallberg (19) was employed. Subjects were fasted overnight and were then given a 20% fat emulsion (Intralipid) as a rapid infusion into an antecubital vein. More uniform exogenous triglyceride concentrations at the end of lipid infusion were obtained by modifying the dosage from that described in the original paper (19) . Thus, instead of the 0.1 g of fat per kg body weight given in the earlier study, a dose of 0.1 g fat per kg of ideal body weight plus 0.05 g per kg of excess body weight was administered. This dosage resulted in initial exogenous triglyceride plasma levels of 300-400 mg/100 ml. Blood samples were drawn at 10, 15, 20, 25, 30 40, 50, FIGURE 2 Plot of plasma triglyceride concentration against triglyceride turnover (production) rate in hyperthyroid (black dots) and hypothyroid (circles) subjects. The individual values for the euthyroid normal control group are not shown here but the regression is significant at P < 0.01 level (10) . The apparently linear concentration/turnover relationship revealed by this plot does not imply that the regression remains linear also at higher range of concentration.
mean plasma triglyceride level was slightly but significantly elevated as compared with the normal control group. Still most of the values were well within the normal range (less than mean ±2 SD of controls). The mean triglyceride fractional removal rate of hyperthyroid patients was not significantly different from normal even though some individuals (Nos. 11, 12, 15, 16) showed high values. The average total triglyceride turnover rate in thyrotoxicosis was clearly increased over that in the normal control group. However, the values were widely scattered and some patients with moderate to severe thyroid hyperfunction showed a completely normal triglyceride turnover. The nature of the alteration of triglyceride kinetics in hyperthyroidism is further illustrated by Fig. 2 , presenting a plot of triglyceride concentration vs. turnover rate in hyper-and hypothyroidism and the regression line derived from a normal series (10) . It is evident that most hyperthyroid cases (10 of 14 subjects) are located above the normal line, indicating that the triglyceride concentration had increased less than predicted by the increment of production rate (the expected increase being assumed to occur along the normal line). In hyperthyroid subjects the triglyceride concentration showed a significant positive correlation with turnover rate (Table VII) (Fig. 1 ). These differences were also apparent when the overweight postmenopausal female hypothyroid subjects were separately compared with a matched control group (Table V) . Thus, the characteristic feature of triglyceride metabolism in hypothyroidism was a decrease in removal efficiency. This is also apparent from Fig. 2 , which shows that the values of all hypothyroid patients were located below the regression line of normal euthyroid controls, i.e., these patients had a higher plasma triglyceride level than predicted from the production rate. One hypothyroid subject (No. 27) was reinvestigated after adequate substitution with thyroxine. Her triglyceride concentration fell from 402 to 140 mg/100 ml Fig. 3 ). The turnover rate was also correlated with the thyroidal radioiodine uptake in the pooled thyroid material but not in the separate groups of thyroid hyperand hypofunction (Table VII) (43) 72432 (15) 181445 (12) Hyperthyroid Untreated 9574±438 (15) (10) 68±27 (6)*
The figures in parentheses show the number of cases studied. * P < 0.001 for the difference from control group. P < 0.05 for the difference from control group.
of infused triglycerides from the blood stream was clearly accelerated in thyrotoxicosis and retarded in hypothyroid subjects with little overlapping of the values of the two thyroid groups and those of the euthyroid control subjects. Because of the slow fat removal in hypothyroid patients many tests in this group failed to give an adequate exponential slope and therefore the number of successful experiments in this category remained small. There was no significant correlation between the Intralipid fractional rate constant and the three parameters of endogenous plasma triglyceride metabolism (Table VII) but the correlation coefficients for K-value vs. endogenous triglyceride concentration and turnover rate were both close to the border of significance.
Postheparin plasma lipolytic activity. The mean plasma PHLA was increased in the untreated hyperthyroid state and decreased in hypothyroidism (Table  VI) plasma triglyceride concentration and PHLA in the combined thyroid group. On the other hand, PHLA showed a highly significant correlation with the fractional rate constant of endogenous plasma triglyceride (Fig. 5) , whereas the correlation with the elimination rate of exogenous triglyceride did not reach the limit of significance (Table VII) .
Pkasma FFA and glycerol. The mean fasting plasma FFA level was markedly increased in untreated thyrotoxicotic subjects and slightly reduced in hypothyroid patients (Table VI) . In the former group the value decreased on treatment, even though it did not reach the normal level. Basal plasma glycerol concentration was also clearly above normal in thyrotoxicosis but was not significantly altered by hypothyroidism (Table  VI) . In a mixed group of all thyroid patients the glycerol and FFA levels were closely correlated with each other but they showed no relationship to any of the parameters of endogenous triglyceride transport (Table VII) .
DISCUSSION
The results of the present study suggest that thyroid hormones influence both production and removal of plasma triglycerides in man. In the hyperthyroid state the main alteration is increased synthesis of endogenous plasma triglycerides. This leads to an elevation of plasma triglyceride concentration, which is relatively slight, however, since the efficiency of triglyceride elimination is simultaneously increased. In thyroid hypofunction, on the other hand, slight or moderate hypertriglyceridemia develops as a result of impaired removal of endogenous triglycerides, and the elimination of exogenous fat particles is also decreased.
The mechanisms responsible for these kinetic changes are not clear, but in view of the multiple metabolic actions of thyroid hormones there are a number of possible explanations for the enhanced hepatic synthesis and release of VLDL-triglycerides in thyrotoxicosis. It has been demonstrated repeatedly that in clinical and experimental hyperthyroidism the turnover rate and plasma concentration of FFA (9, (24) (25) (26) (27) and glycerol (28) are both markedly increased, evidently due to activation of adenyl cyclase (29) and concomitant stimulation of lipolysis in adipose tissue (30, 31) by thyroid hormones. These findings are well supported by the results of the present study. High plasma concentrations of both FFA and glycerol, on the other hand, are effective stimulators of hepatic VLDL-triglyceride synthesis and release. A second factor acting in the same direction is enhancement of hepatic fatty acid synthesis by thyroid hormones (32) (33) (34) . It has been shown that the release of triglycerides by an isolated perfused rat liver is closely related to the rate of de novo fatty acid synthesis (35) . Furthermore, there are reasons for assuming that the synthesis of VLDLapoproteins is also stimulated by thyroid hormones. Thus, it is known that thyroxine increases the hepatic protein synthesis in vivo (32) and in vitro (36) and that the production of plasma albumin (37, 38) and of LDL (39) are elevated in hyperthyroidism. It is possible that these changes are related to the hepatic hypertrophy induced by excess of thyroid hormones. Additional factors which also might contribute to the increased hepatic secretion of triglycerides in hyperthyroidism are hyperglycemia and excessive insulin response. Several studies have indicated that elevated fasting blood glucose and impaired glucose tolerance are frequently observed in patients with thyrotoxicosis (8, 40, 41) and the presence of hyperinsulinism in this disease has been recently reported (8) . Both hyperglycemia and high plasma insulin levels are believed to stimulate the synthesis of endogenous plasma triglycerides (for review see reference 42).
It is not known whether an increased hepatic blood flow influences the secretion of triglycerides by the liver. The absolute rate of blood flow through the liver is increased in hyperthyroidism, even though the fraction of the cardiac output received by the liver is not changed (43, 44) . It is not certain, however, that this factor increases the release of triglycerides from the liver and it is not impossible that the relative oxygen deficit observed in the liver in thyrotoxicosis (45) may even partially inhibit triglyceride and lipoprotein synthesis.
The fractional removal rate of endogenous plasma triglycerides in hyperthyroid patients was not significantly different from the corresponding value in normal subjects, but the rate constant K of intravenously administered exogenous particulate fat was clearly increased in hyperthyroidism. On comparison of the triglyceride concentration and production rate (Fig. 2) (46) and skin (45) in thyrotoxicosis.
Both of these tissues (subcutaneous adipose tissue) are probably important loci in triglyceride removal. In this connection it is of interest that another state with increased muscular perfusion, viz. exercise, is also accompanied by enhanced removal of exogenous triglycerides from the circulation (47).
The present results on the kinetic behavior of plasma triglycerides in the hyperthyroid state are at variance with the data of Sandhofer, Sailer, and Braunsteiner (9), who found decreased formation and unaltered clearance of plasma triglycerides in thyrotoxicosis. However, they used the conversion of radioactivity from plasma FFA into plasma triglyceride as the measure of triglyceride production, without correction for the fraction removed during the experiment. This method yields erroneously low values for production rate even in a normal state (48) and the extent of the error is further accentuated on increase of the fractional removal rate. Furthermore, the method using FFA incorporation rate for estimation of triglyceride turnover does not take into account the fractions of triglyceride which originate from slow intrahepatic fatty acid pathways and de novo fatty acid synthesis.
One of the most interesting and unexpected findings of the present study was the increase of plasma triglyceride concentration that often followed successful treatment of thyrotoxicosis. Although the number of cases with a follow-up study was small, it seems justi-'Pykailist6, O., and E. A. Nikkila. Manuscript in preparation.
fied to suggest that when transition from the hyperthyroid state to clinical and hormonal euthyroidism is achieved, the production of plasma triglycerides tends to remain at a supernormal level, while the elimination of triglycerides from the circulation is diminished and leads to development of hypertriglyceridemia. It thus seems likely that many metabolic (and morphological?) consequences of a chronic hyperthyroid state are not alleviated in line with the decrease of circulating thyroid hormone but persist for months after the latter has been returned to normal (or are not reversible at all). A similar persistent triglyceride overproduction has been observed after cessation of chronic oral contraceptive treatment (49) .
The changes of triglyceride metabolism in hypothyroidism are not the exact opposite of those occurring in thyrotoxicosis. Hepatic triglyceride production was not diminished in severely hypothyroid subjects even though the plasma FFA levels were slightly less than in normal controls. This latter finding conforms with the observations on decreased sensitivity of adipose tissue of hypothyroid animals to lipolytic agents (30, 50, 51 The biochemical or hemodynamic basis of the deficient triglyceride removal in hypothyroidism remains to be determined. However, the close association observed here between the endogenous triglyceride fractional transport and the plasma PHLA in extreme cases of thyroid hyper-and hypofunction suggests that thyroid hormone is important for the synthesis of lipoprotein lipase and that the latter plays a central role in the elimination of. triglyceride particles of any size. This conclusion is also well supported by previous findings (5, 7) and by the observed variations in elimination of exogenous fat particles. On the other hand, one should not overlook the possibility that the rate of circulation might be a common factor for both the triglyceride removal process and the release of lipolytic activity by heparin. In any case, demonstration of a correlation between these parameters is possible only with extreme cases, represented here by patients from both ends of the scale of thyroid function.
Addendum. Since this paper was submitted for publication Arons, Schreibman, Downs, Braverman, and Arky (52) reported a study of PHLA activity in Graves' disease. They found a decrease of both PHLA and postheparin monoglyceridase activity in 10 patients with untreated Graves' disease. The values remained at a subnormal level also after successful treatment of the hyperthyroidism. Thyroid hormones administered to euthyroid subjects did not reduce the PHLA.
We have no explanation for the discrepancy between above results and those obtained in the present study. One possibility is that the patients of the New England study had a more severe thyroid hyperfunction than the present ones but a comparison in this respect is not possible since no clinical or laboratory data were reported. In our series the patient with the most severe thyrotoxicosis (No. 08) had PHLA level less than normal mean -1 SD.
